1. Introduction {#s0005}
===============

Spatial orientation, balance and gaze stabilization involve integrating multiple sensory systems, including vestibular, visual and proprioceptive signals. How and where these complementary sensory signals are integrated and processed in the human brain is not well understood. Multisensory compensation is thought to occur in the brain after the loss of sensory afferents and to play a role in clinical recovery in vestibular disorders ([@bb0005]). Clinical recovery in vestibular disorders is variable and does not correlate well with brainstem-mediated reflexive function ([@bb0010]). A better understanding of cortical compensatory processes ([@bb0015]) should inform novel therapeutic strategies.

Functional MRI studies have provided evidence for interactions between the visual and vestibular systems ([@bb0020; @bb0025; @bb0005; @bb0030]). Visual stimulation has been shown to simultaneously activate visual cortical regions whilst deactivating vestibular cortical regions such as the parieto-insular vestibular cortex in normal subjects ([@bb0020]). Conversely, vestibular stimulation deactivates visual cortical areas ([@bb0035; @bb0025]). This has been interpreted as a 'reciprocal inhibition' of visual and vestibular signals, which may allow resolution of potentially conflicting sensory inputs and contribute to the compensation process after loss of vestibular function. In one study, visual activations were enhanced in chronic BVL patients compared to controls ([@bb0005]), however subjects with unilateral vestibular failure have also been reported as showing lesser activation from visual motion stimulation ([@bb0040]), suggesting that more complex interactions exist.

The cervical proprioceptive system also provides head position and motion signals ([@bb0045]). In addition to vestibular--ocular reflexes there are 'neck--eye' or cervico-ocular reflexes, which are greatly enhanced in primates and patients without vestibular function thus contributing to gaze stability ([@bb0070; @bb0050; @bb0065; @bb0060; @bb0055]). Neck muscle vibrotactile stimulation generates a proprioceptive signal of relative head-to-trunk body position, which can induce illusions of head tilt, head rotation, visual motion and impaired pointing to visual targets ([@bb0075; @bb0085; @bb0080]). The frequency of stimulus providing a proprioceptive signal required to activate the spindle afferents is typically 100--120 Hz, and lower frequencies are not effective ([@bb0090]). The illusions induced are more prominent in darkness in the absence of stabilizing visual input ([@bb0080]). Furthermore, these neck vibration/head position effects are also upregulated when vestibular function is absent ([@bb0095]). Although a weak, visually-suppressible nystagmus is also induced, the head orientation and motion illusions induced by neck vibration are thought to be due to a cerebral modification of spatial orientation rather than directly due to brainstem mechanisms ([@bb0075; @bb0080]). Similarly, cervico-ocular responses, although "reflexes", are modulated by visuo-motor context and mental set ([@bb0070; @bb0100]); suggesting that cortical processes mediating spatial orientation are involved in the control of neck proprioceptive mechanisms. Direct evidence in humans for such a cortical role is however lacking.

Proprioceptive afferents have been shown to project to cerebral cortical areas common to vestibular networks ([@bb0110; @bb0105]). In humans, two prior functional imaging studies have used vibratory stimulation of neck muscles in normal subjects. A PET study showed increased blood flow in somatosensory S2 and the medial insula ([@bb0115]) and an fMRI study showed similar activations along with networks involving the intraparietal sulcus, motor, premotor and frontal eye fields ([@bb0120]).

Given common cortical areas to vestibular and proprioceptive networks, and a reported visual--vestibular interaction, then it is plausible that proprioceptive head motion signals also interact with visual motion signals. Such a cervico-visual interaction has not been demonstrated at a cortical level in humans but may be prominent in BVL patients, given that these two remaining sensory inputs signaling head motion show ocular--motor interactions in such patients ([@bb0100]). Whether previously observed enhanced responses to neck vibration in vestibular lesion patients ([@bb0095; @bb0080; @bb0125]) recruit cortical mechanisms or can just be explained by brainstem mechanisms ([@bb0135; @bb0130]), is not known.

Cortical compensatory processes after loss of vestibular function are likely to be important for clinical recovery. Therefore, the aim of this study is to examine with fMRI how proprioceptive cortical signals interact with visual (optokinetic) motion in a patient group who has lost peripheral vestibular function. The specific hypothesis we test is that patients with stable end organ bilateral vestibular hypofunction will have an altered interaction between proprioceptive head position and visual motion cortical signals shown with blood oxygen dependent (BOLD) fMRI signal. As a secondary aim, we also investigate whether these functional changes are accompanied by changes in brain structure. Voxel-based morphometry (VBM) was used to test whether there were group differences in grey matter density, which might accompany observed changes in the fMRI signal.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Twelve subjects with absent vestibular function were recruited (6 female), mean age 51, range 29--67 years. Bilateral loss of vestibular function was established for more than 9 months in all cases, and determined by absent clinical vestibular reflexes (head impulse test and ocular counter-rolling) and by reduction of caloric and rotational responses to values \< 10% of the normal response, as in our previously published clinical series ([@bb0140]). In addition, 8/12 patients had utricular responses recorded and found to be below the normal range as measured with the unilateral utricular centrifugation test at 400°/s (Neurokinetic Inc; USA) ([@bb0145]). All BVL patients had hearing thresholds measured by pure tone audiometry, with hearing within normal limits for age in all subjects. The cause of bilateral vestibular failure was aminoglycoside exposure (6) and idiopathic vestibular failure (6) ([@bb0140; @bb0150]). Fifteen control subjects with no vestibular or neurological deficits had a mean age of 46 (range 25--72) years, 3 female). One control subject was excluded after an incidental posterior fossa arachnoid cyst was found on structural MRI. All subjects were fully right handed, as measured by the Edinburgh Handedness Inventory. Written informed consent was obtained and the Hammersmith Hospitals NHS Trust Ethics Committee approved the study.

2.2. Data acquisition MRI {#s0020}
-------------------------

MRI was acquired with a 3 Tesla Verio clinical MRI system (Siemens, Erlangen, Germany; version B17) using a 32-channel head coil. High resolution T~1~ weighted structural images were acquired volumetrically using an inversion-recovery prepared spoiled gradient echo sequence (SPGR; MPRAGE; TE 2.48 ms, TR 1560 ms, TI 900 ms, flip angle 90°; 1 mm isotropic resolution). Functional imaging was performed using a 2D echoplanar imaging (EPI) acquired blood oxygen dependent BOLD sequence (TE 30 ms, TR 2000 ms, slice thickness 5 mm, acceleration factor 2, voxel size 2.7 × 2.7 × 5 mm). Structural and EPI images were reviewed visually to exclude incidental pathology or other structural anomalies that might confound quantitative analysis.

2.3. Experimental design {#s0025}
------------------------

The visual stimuli (motion 'M' and static 'S') were applied in a factorial design with the proprioceptive stimuli (high 100 Hz 'H' and low 30 Hz 'L') to give four conditions: 'MH', 'SH', 'ML', 'SL' representing visual motion 100 Hz vibration, visual static 100 Hz vibration, visual motion 30 Hz vibration, visual static 30 Hz vibration respectively ([Fig. 1](#f0005){ref-type="fig"}A). To maximize task efficiency, a block design was used, with 20s blocks for each condition. One run consisted of a single block of each of the four conditions (80s), presented in a pseudo-randomized order. The total experiment consisted of eight runs i.e. each condition was repeated eight times. A control stimulus of a central stationary white spot on a dark background was displayed for 20s on the rear-projected LCD screen at the beginning and end of each fMRI acquisition run, during which baseline EPI images were acquired. The total duration of the factorial experiment (eight runs plus visual fixation at the beginning and end) was 11 min 20 s.

2.4. Stimuli {#s0030}
------------

### 2.4.1. Visual motion stimulus {#s0035}

An angled mirror on the MRI head coil directed view to a 42-inch LCD monitor mounted 2.5 m behind the subjects\' heads, giving a horizontal field of view of 21°. Vertical black and white stripes (7 black, 7 white each subtending 1.5°) were displayed in conditions static (S), and visual motion (M), tracking horizontally at 6°/s in the M condition. The direction of motion was right to left on the LCD screen, although subjects viewed this motion via the head coil mounted mirror as left to right. The visual motion paradigm and signals for airflow regulation for the vibrator were written in C/C++.

### 2.4.2. Neck proprioceptive stimulus {#s0040}

To apply a neck muscle proprioceptive stimulus which could be used during fMRI acquisition, we developed a custom Dacron and Nylon vibrotactile stimulator, driven by the air turbine rotor from a MRI limb positioning device ([@bb0155]). The turbine rotor was connected directly to an axle loaded with an eccentric Dacron 'weight', housed in a 26 mm diameter 52 mm long cylinder ([Fig. 1](#f0005){ref-type="fig"}B). The eccentric 'weight' causes the device to vibrate at a frequency determined by the incoming airflow and pressure. The device was powered by the high-pressure medical air supply, which was adjusted to the required airflow. Vibration amplitude was 0.4 mm at both high (H) and low (L) frequencies. For the fMRI experiment the vibrotactile device was applied to subjects prior to MRI acquisition for subjects to improve familiarity with the stimulus. The vibrating end of the device was firmly taped over left splenius capitis and then vacuum pads secured it into place inside the head coil. Additional vacuum-moulded pads were used to securely immobilize the head, to prevent additional head movements. We applied an identical stimulus to all subjects.

We validated the different effects of 30 Hz and 100 Hz proprioceptive stimulation conditions outside the MRI system. The vibrator was applied over the left splenius capitis of seated normal subjects in a darkened room, looking at a red LED light source. Only the 100 Hz stimulation produced illusory displacement of the light position, altered spatial and postural perception. We also verified with accelerometry that the vibration frequency was not altered by the application of the device to the subjects\' necks.

In order to minimize the possibility that any fMRI findings might be due to group eye movement differences, we conducted separate ex-situ experiments in three normal subjects (ages 30--60) and one of the BVL patients, male aged 55. Subjects lied supine and were subjected to the same visual motion (OKN) and vibration protocol whilst horizontal eye movements were recorded with bi-temporal DC Electro-oculography (bandwidth 0--100 Hz, resolution 1°). Eye movements were examined and measured off-line using custom made interactive software. We found no eye movements elicited by the high or low neck vibration stimuli during the visual static condition. During the visual motion sequences a typical pattern of optokinetic nystagmus (OKN) was elicited with a mean slow phase velocity ranging from 3.5--6°/s. Applying the neck vibration stimulus did not change the underlying OKN pattern, regardless of vibration frequency. When applying the proprioceptive stimulus to BVL patients, the OKN slow phase velocity was not significantly different, ranging from 2.3 to 5.8°/s. The BVL oculographic data were indistinguishable from that of the normal subjects and within normal ranges.

2.5. Functional MRI analysis {#s0045}
----------------------------

Whole-brain fMRI data was analysed with standard random effects general linear models using tools from the FSL library (FMRIB, FEAT version 5.98) ([@bb0160]). Image pre-processing involved realignment of EPI images, spatial smoothing using a 6 mm full-width half-maximum Gaussian kernel, pre-whitening using FILM and temporal high-pass filtering using a cut-off frequency of 1/50 Hz to correct for baseline drifts in the signal. FMRIB\'s Linear Image Registration Tool was used to register EPI functional datasets into standard MNI space using the participant\'s individual high-resolution anatomical images. FMRI data were analysed using voxel-wise time series analysis within the framework of the General Linear Model (GLM). To this end a design matrix was generated with a synthetic hemodynamic response function and its first temporal derivative. Blocks from the four conditions (MH, SH, ML, SL) were modelled in the design matrix for each run.

A factorial analysis of variance (ANOVA) investigated effects of visual motion, proprioceptive input and group effects using (FMRIB\'s Local Analysis of Mixed Effects) ([@bb0165]). Final statistical images were thresholded using Gaussian Random Field based cluster inference with a height threshold of Z \> 2.3 and a cluster significance threshold of p \< 0.05.

2.6. Voxel based morphometry analysis {#s0050}
-------------------------------------

To test for group differences in grey matter volume, we also conducted a voxel based morphometry (VBM) analysis. Structural data was analysed with FSL--VBM, a VBM style analysis ([@bb0175; @bb0170]) carried out using FSL tools ([@bb0160]). First, structural images were brain-extracted using BET ([@bb0180]). Next, tissue-type segmentation was carried out using FAST4 ([@bb0185]). The resulting grey-matter partial volume images were then aligned to MNI152 standard space using the affine registration tool FLIRT ([@bb0190]). Images were then averaged to create a study-specific template, to which the native grey matter images were then non-linearly re-registered. The registered partial volume images were then modulated to correct for local expansion or contraction by dividing by the Jacobian of the warp field. The modulated segmented images were smoothed with an isotropic Gaussian kernel with a sigma of 3 mm and thresholded at a nominal t value of 2.3. Finally, a voxelwise GLM was applied using permutation-based non-parametric testing, correcting for multiple comparisons across space.

3. Results {#s0055}
==========

3.1. Main effect of visual motion {#s0060}
---------------------------------

The main effect of motion ((MH + ML) \> (SH + SL)) was associated with a similar pattern of visual cortical activation across the two subject groups ([Fig. 2](#f0010){ref-type="fig"}). As expected, peaks of activation were observed in the lingual gyrus, occipital pole bilaterally, intracalcarine cortex and the inferior part of the lateral occipital cortex bilaterally ([Table 1](#t0005){ref-type="table"}). Bilateral activation was present in the region of V5/MT ([@bb0195]). Direct comparison of the two groups showed no significant areas of differential activation.

The reverse contrast ((SH + SL) \> (MH + ML)) showed regions where activation was greater when static visual stimuli were presented ([Fig. 3](#f0015){ref-type="fig"}). Again, there were no group differences when a direct contrast was performed. In the patients, activation was observed in the superior temporal gyri bilaterally, as well as in the left parietal operculum. In controls, similar activation was observed within the parietal and temporal lobes, with peaks of activation in the right planum temporale and parietal operculum, as well as within the supramarginal gyri bilaterally. In addition, significant activation for this contrast was seen in the midline and left cerebellum, with a peak of activity in the left VI region in the control group ([Table 2](#t0010){ref-type="table"}).

3.2. Main effect of proprioception {#s0065}
----------------------------------

Increased activation within the temporal lobes was observed for the main effect of High \> Low proprioceptive input ((MH + SH) \> (ML + SL)). In controls, high proprioceptive input was associated with increased activation in the left temporal lobe, with activation extending across the inferior and middle temporal gyri and the parahippocampal gyrus. In patients, the same contrast was associated with increased activation bilaterally in the temporal poles and parahippocampal gyri. There were no significant group differences in this contrast.

The reverse contrast, i.e. Low \> High proprioceptive input, did show significant group differences. In the patients, the contrast ((ML + SL) \> (MH + SH)), showed extensive areas where activity in medial and lateral occipital regions was reduced when proprioceptive input was high ([Fig. 4](#f0020){ref-type="fig"}A, blue/light blue). In controls, reduced activation with high proprioceptive input was seen in the right middle and inferior frontal gyri, anterior cingulate cortex, premotor and somatosensory areas, as well as middle and superior temporal gyri. However, there was no effect of proprioceptive input in the occipital regions. A direct comparison between patients and controls confirmed that the effect of high-levels of proprioceptive input on visual cortical responses was significantly greater in the patients compared to controls ([Fig. 4](#f0020){ref-type="fig"}A, yellow/red). The greater effect of proprioception in patients compared to controls was seen in midline occipital regions, including the intracalcarine cortex and occipital pole ([Table 3](#t0015){ref-type="table"}). The differential effects of proprioception in the two groups can be seen in [Fig. 4](#f0020){ref-type="fig"}B, where high proprioceptive input (MH and SH plots) is associated with greater activation than low input (ML and SL plots) in the control group, but the reverse pattern is seen in the patient group.

3.3. Interactions between visual motion and proprioception {#s0070}
----------------------------------------------------------

High levels of proprioceptive input were associated with a specific reduction in the response to visual motion in the BVL patients. In the patient group, the interaction ((ML + SH) \> (MH + SL)) showed an asymmetric pattern of activation in the left lateral occipital pole and the inferior part of the left lateral occipital cortex, with differential activation seen within V5/MT and surrounding regions ([Fig. 5](#f0025){ref-type="fig"}, [Table 4](#t0020){ref-type="table"}). In addition, activation associated with this contrast was observed in the cerebellar vermis and in both cerebellar hemispheres. In controls there were no significant areas of activation for this contrast seen within occipital regions.

Using a whole brain corrected threshold, the direct group contrast for the interaction (ML + SH) \> (MH + SL) showed no significant differences. However, a more lenient uncorrected threshold of p \< 0.001 did show left lateralized group differences in activation within the lateral occipital pole, the inferior part of the lateral occipital cortex and the inferior temporal gyrus. Plots of the parameter estimates for the interaction suggested that the result in patients was being driven by the effect of proprioception in the context of visual motion i.e. ML and MH ([Fig. 5](#f0025){ref-type="fig"}B). This was confirmed by examining the results of the contrast of ML \> MH. In the patients, this contrast showed activation in left lateral occipital areas, and activation was significantly higher in these regions for patients than controls using whole brain correction ([Fig. 6](#f0030){ref-type="fig"}, [Table 5](#t0025){ref-type="table"}). Activation for ML \> MH was also greater for the patients in the intracalcarine cortex bilaterally, the right occipital pole and the cerebellum. The other 'simple' contrasts from the interaction (i.e. ML vs. SL, SH vs. MH, and SH vs. SL) showed no significant group differences.

The reverse interaction ((MH + SL) \> (ML + SH)) showed no significant activation for either patients or controls, and no significant difference between the groups.

3.4. Structural brain analysis {#s0075}
------------------------------

Voxel based morphometry analysis showed no significant differences in cortical structure between the patients with bilateral vestibular loss and the normal control subjects.

4. Discussion {#s0080}
=============

There is already good evidence of interactions between vestibular and visual processing in humans from previous fMRI studies ([@bb0035; @bb0200; @bb0005]). Here we demonstrate that proprioceptive and visual processing also interact in subjects with bilaterally reduced peripheral vestibular function (BVL patients). The reduction in visual motion-induced cortical activation in the presence of high proprioceptive stimulus suggests an inhibitory interaction between proprioceptive mediated head motion signals and visual cues. The findings suggest an upregulation of neck muscle proprioceptive signals as an adaptive response to bilateral loss of vestibular function. To our knowledge there is only one previous fMRI study assessing the effects of neck vibration with brain fMRI, although not in BVL patients ([@bb0120]).

Our results are in keeping with recent work demonstrating that visual cortical regions have been shown to be a site of integration of visual and vestibular signals at the single cell level in animals. Neuronal recordings in Macaque monkeys show interactions between visual and vestibular input in multiple visual cortical areas, but not in vestibular areas such as the PIVC ([@bb0220; @bb0205; @bb0210; @bb0215]). Our result, a visuo-proprioceptive interaction, adds further evidence for integration of head motion/position signals occurring in visual processing areas.

In the presence of visual motion, proprioceptive input in the patient group had a lateralised effect on the visual cortex. The response to moving stimuli in regions including V5/MT and MST was reduced in BVL patients when proprioceptive input was high. Visual processing in these regions has been shown in previous studies to be sensitive to vestibular input ([@bb0035]), so the observed effects of high proprioceptive input in these areas is consistent with a 're-weighting' of sensory signals ([@bb0225; @bb0125]).

The left hemispheric laterality we observed could be due to several factors. Given that all our subjects were right handed, and that both vestibular and visual motion fMRI effects are more prominent in the right hemisphere in right-handers ([@bb0035; @bb0200; @bb0230]), the more pronounced effects found in the left hemisphere cannot be explained solely on a handedness basis. Alternatively, the stronger effects observed in the left hemisphere could be dictated by the characteristics of the stimuli employed. Both visual and proprioceptive stimuli were unilateral (left splenius vibration) or unidirectional (rightwards visual motion). Given that the signals from tendon and muscle vibration are interpreted as stretch of that muscle ([@bb0235]) a left splenius vibratory stimulus would be interpreted as if the head was turning to the right. The optokinetic stimulus to the right, in contrast, would signal that the head is turning to the left creating conflict between visual and proprioceptive signals mediating angular head motion input. It is well established that in such situations of sensory conflict, inertial receptors, in particular proprioceptive ([@bb0240]), are dominant ("have the final say") as they are less prone to ambiguity than visual mechanisms. For instance, visual motion to the right can be interpreted as object motion to the right or as head motion to the left; ([@bb0245; @bb0030]). One would strongly suspect that resolving such directional conflict should elicit asymmetric activation of the cerebral hemispheres, as shown here, although predicting which hemisphere would be more activated is difficult. According to our findings, it seems that the hemisphere on the same side of the activated muscle is predominantly activated during the visuo-proprioceptive interaction, even though isolated proprioceptive effects were present in both hemispheres here and in the previous studies in normal subjects ([@bb0075; @bb0120]). Future experiments with separate right and left neck vibrations are necessary to fully prove this point. The fact that the patients have no vestibular function (which would further contribute to disambiguating the sensory conflict) also helps explain why the proprioceptive loop is upregulated in BVL patients.

The cerebellum has previously been shown to play a role in mediating enhancement of cervical proprioceptive responses in patients with diminished vestibular function ([@bb0250]). Similarly, the influence of vision on postural control ([@bb0255]) and spatial orientation ([@bb0260]) increases in patients with BVL. In agreement, only our BVL group showed an fMRI interaction between visual motion and neck vibration signals in the cerebellar vermis, where single unit recordings have shown proprioceptive, visual and vestibular interaction ([@bb0275; @bb0270; @bb0265]). Whether the cerebellar fMRI signal identified reflects changes in a local subcortical network, or is a marker or 'relay station' reflecting cortical changes ([@bb0280]), or both, cannot be ascertained at present.

The factorial design applied allows us to control for some potential confounding factors. The interaction is unlikely be an artifact of physical movement generated by the vibrating stimulator, as the effect on V5/MT and other lateral occipital regions was dependent on visual input, i.e. the same vibratory input only reduced visual cortical activation in the presence of visual motion.

Eye movements could be a potential confounder, however the factorial design means that observed differences are driven by the stimuli. Furthermore, the pattern of eye movement elicited by the visual and cervical proprioceptive stimuli used here is identical in both subject groups --- essentially optokinetic nystagmus unaffected by neck vibration. The recent observation that MRI scanner magnetic fields can induce vestibular effects ([@bb0285]) cannot explain our results either given that the magnetic field was constant across all four conditions, or could not produce the interaction we observed between visual motion and proprioception.

The difference in physiological response we have demonstrated was not the result of gross differences in brain anatomy. Our VBM study showed no significant differences between the patient and control groups. Previous reports have shown structural changes due to vestibular neuritis and acoustic neuroma surgery ([@bb0295; @bb0290]), but these are unilateral conditions producing highly asymmetric ascending vestibular signals. In contrast to our normal structural results, one study in 10 subjects with BVL due to Neurofibromatosis type 2 reported hippocampal atrophy ([@bb0300]). Although we cannot provide an unequivocal explanation for this discrepancy, the fact that the vestibular loss was due to bilateral vestibular schwannoma with significant degrees of hearing loss and other potential effects from the underlying Neurofibromatosis type 2, may partly explain the difference between the two studies.

Our approach to delivering proprioceptive stimulation in the scanner was novel. A custom Dacron and Nylon vibrating device powered by the medical air supply was developed for this experiment. The absence of any electromagnetic materials ensures this is safe and does not produce signal artifact on MRI acquisition. Our device produced a greater displacement 0.4 mm, in comparison to 0.2 mm for a piezo-ceramic device reported by [@bb0120]. The piezo-ceramic device has an advantage of being able to be precisely tuned to desired frequencies 'on-line'; our device has a limited range of frequencies available 'on-line', although as shown, can produce frequencies appropriate for proprioceptive stimuli.

5. Conclusion {#s0085}
=============

Neck proprioceptive and visual motion signals interact, and this effect differs between normal subjects and patients with acquired bilateral vestibular loss. This visuo-proprioceptive interaction found in BVL subjects resembles the visuo-vestibular interaction described in fMRI studies, both during vestibular activation and vertigo, lending support to the notion that neck proprioceptive input partly takes over vestibular functions in BVL patients. The overlap of visual motion, proprioceptive and vestibular cortical areas identified in humans and other primates supports 'polysensory' cortical networks responsible for spatial orientation, balance, self motion perception where these signals interact. Clinically, the findings support a prominent role for cervico-proprioceptive inputs in the process of recovery and compensation in patients with bilateral vestibular failure.
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![(A): Schematic of the air turbine driven vibrotactile stimulator. The distal end is applied over the right splenius capitis. Components are Dacron and nylon. (B): The factorial design producing the four conditions visual motion/high proprioception (MH), visual motion/low proprioception (ML), static/high proprioception (SH), and static/low proprioception (SL).](gr1){#f0005}

![The response to visual motion. Significant activation is shown for the contrast of moving versus static stimuli (MH + ML) \> (SH + SL) in patients (A) and controls (B). Plots show the parameter estimates for the four conditions: visual motion/high proprioception (MH), visual motion/low proprioception (ML), static/high proprioception (SH), and static/low proprioception (SL), taken from a 10 mm diameter sphere centred in the activation cluster for the contrast for patients (MNI coordinates − 18, − 90, 12) and controls (− 6, − 92, − 2). The results are superimposed on the MNI 152 T1 brain template. Right hemisphere is marked (R). Colour bar illustrates the Z score for the activation maps. Standard thresholding was used, with a height threshold of Z = 2.3 and a cluster threshold of p \< 0.05.](gr2){#f0010}

![The reverse contrast for visual motion ((SH + SL) \> (MH + ML)) showing areas were activation is greater when static visual stimuli were presented. Thresholding is as in [Fig. 2](#f0010){ref-type="fig"}.](gr3){#f0015}

![Reduced response in visual cortex when proprioceptive input is high in BVL patients. (A) In patients, activity in the visual cortex is less when proprioceptive input is high relative to low ((ML + SL) \> (MH + SH)) (blue/light blue regions). Superimposed on this result are regions where this difference was greater in the BVL group (red/yellow). These regions showed significantly less activation in the patients compared to controls for the main effect of High versus Low proprioceptive input ((MH + SH) \> (ML + SL)). (B) Plots showing the parameter estimates for the four conditions in controls and patients, from the peak of the group difference in the visual cortex (MNI 0, − 90, − 2). Thresholding and presentation of results is as described in [Fig. 2](#f0010){ref-type="fig"}.](gr4){#f0020}

![Interaction between visual motion and proprioceptive input in BVL patients. (A) Brain regions showing a significant activation between visual motion and proprioceptive responses (ML + SH \> MH + SL) in patients. (B) Plots of the parameter estimates for the four conditions in patients and, for the purpose of illustration, in controls using a 10 mm diameter sphere centred at the peak voxel of the interaction in patients (MNI coordinates − 22, − 92,10). Thresholding and presentation of results is as described in [Fig. 2](#f0010){ref-type="fig"}.](gr5){#f0025}

![Reduced response to visual motion stimulus in BVL patients. Brain regions showing more activation in patients than controls for the contrast of low vs. high proprioceptive input in the context of visual motion simulation (ML \> MH). Thresholding and presentation of results is as described in [Fig. 2](#f0010){ref-type="fig"}.](gr6){#f0030}

###### 

Activation Cluster Local Maxima: Main Effect of Visual Motion. Z statistic is followed by MNI coordinates of the maxima.

  Local cluster maxima           Z      x      y      z
  ------------------------------ ------ ------ ------ ------
  *Controls*                                          
  Left occipital                 5.26   − 22   − 90   16
                                 5.21   − 2    − 80   − 4
                                 5.08   − 6    − 92   − 2
  Left occipital (near MT/V5)    4.12   − 44   − 80   6
  Right occipital                4.84   14     − 78   − 2
  Right occipital (near MT/V5)   4.61   46     − 70   − 2
                                 4.14   50     − 72   − 10
                                 3.54   48     − 74   10
                                                      
  *Patients*                                          
  Left occipital                 4.96   − 18   − 90   12
  Left occipital (near MT/V5)    4.94   − 50   − 78   4
  Right occipital                5.31   20     − 86   18
  Right occipital (near MT/V5)   5.41   46     − 76   4
                                 4.81   50     − 76   8

###### 

Activation Cluster Local Maxima: Reverse Effect of Visual Motion. Z statistic is followed by MNI coordinates of the maxima.

  Local cluster maxima        Z      x      y      z
  --------------------------- ------ ------ ------ ------
  *Controls*                                       
  Right planum temporale      4.05   60     − 16   8
  Right supramarginal gyrus   3.87   64     − 24   24
  Right parietal operculum    3.86   56     − 24   16
  Cerebellum, Left VI         3.49   − 26   − 58   − 26
                              3.30   − 14   − 68   − 26
  Cerebellum, Left I -IV      3.25   0      − 54   − 26
  Left supramarginal gyrus    3.43   − 62   − 24   20
  Left opercular              3.42   − 54   − 16   10
                                                   
  *Patients*                                       
  Left superior temporal      3.94   − 56   − 10   0
                              3.72   − 52   − 28   2
  Left opercular              3.58   − 54   − 14   10
  Right superior temporal     3.89   62     − 22   12
                              3.81   70     − 22   8

###### 

Local maxima for activations in controls versus BVL patients for high versus low proprioceptive input.

  Cluster local maxima     Z      x     y       z
  ------------------------ ------ ----- ------- ------
  Right intracalcarine     3.46   20    − 76    12
  Right occipital pole     3.32   22    − 100   8
                           3.27   32    − 98    6
  Midline occipital pole   3.12   0     − 90    − 2
  Cerebellar vermis IX     3.28   0     − 52    − 36
  Cerebellum vermis X      3.00   − 2   − 44    − 32

###### 

Activation cluster local maxima for interaction of ML + SH \> MH + SL in BVL patients.

  Cluster local maxima                            Z      x      y      z
  ----------------------------------------------- ------ ------ ------ ------
  Left lateral occipital pole                     3.94   − 22   − 92   10
  Left occipital (near V5/MT)                     3.81   − 36   − 76   8
  Left lateral occipital, inferior (near V5/MT)   3.7    − 36   − 86   2
  Cerebellar vermis, right X                      3.68   4      − 50   − 32
  Cerebellar vermis, right VI                     3.6    6      − 70   − 26
  Cerebellum, left VI                             3.67   − 10   − 72   − 24
  Cerebellum, crus, right I                       3.62   36     − 74   − 34
  Cerebellum, right VIIIb                         3.53   10     − 66   − 30

###### 

Activation cluster local maxima for ML \> MH, patients \> controls.

  Cluster local maxima            Z      x      y      z
  ------------------------------- ------ ------ ------ ------
  Left lateral occipital cortex   4.31   − 18   − 84   20
                                  4.02   − 40   − 82   18
                                  4.02   − 22   − 90   10
  Left intracalcarine             4.08   − 18   − 64   8
  Right occipital pole            4.10   20     − 98   10
  Cerebellar vermis, IX           3.90   0      − 54   − 32
  Left cerebellum, crus I         3.96   − 48   − 54   − 32
  Left cerebellum VI              3.72   − 26   − 64   − 30
